Introduction {#sec1}
============

Nonalcoholic fatty liver disease (NAFLD) is a condition of the chronic liver disorder around the globe and associated with metabolic syndromes such as obesity, insulin resistance, and diabetes.^[@ref1]^ The etiology of NAFLD is unclear, though genetic factors, environmental factors, lifestyle, etc., were implicated.^[@ref1]^ Therapeutic treatment options are limited, and no effective drug has been used in clinics to intervene NAFLD now.^[@ref2],[@ref3]^

Mounting evidence suggests that gut dysbiosis is related to chronic liver disorders.^[@ref4]−[@ref7]^ Gut microbiota, harboring a complex structure and substantial genes, has emerged as a critical environmental factor involved in the process of liver disorders through the gut--liver axis.^[@ref8]^ Lipopolysaccharide (LPS), a main gut bacterial product, can disturb the microbiota homeostasis, impair the intestinal barrier function driving bacterial translocation, and also flow into the liver via the portal vein, triggering chronic hepatic diseases.^[@ref9]−[@ref12]^ Apart from LPS, short-chain fatty acids (SCFAs) are primarily derived from dietary carbohydrates catalyzed by the gut flora which greatly served to maintain the intestinal barrier, thus preventing NAFLD.^[@ref13],[@ref14]^

Nonalcoholic steatohepatitis (NASH) is a necessary stage of NAFLD for the development of simple steatosis to cirrhosis and hepatocellular carcinoma. Recent studies also highlighted that the accumulation of free cholesterol can exacerbate NASH.^[@ref15],[@ref16]^ Furthermore, iron loading also contributed to liver damage.^[@ref17]^ Reactive oxygen species can be produced via iron catalyzing, and increasing iron levels also enhance lipid peroxidation to cause cellular damage.^[@ref17]−[@ref21]^

Green tea, a popular beverage in the world,^[@ref22]^ contains health-promoting compounds such as polyphenols. Epigallocatechin gallate (EGCG), one of the tea polyphenols, exerts various salutary effects such as antioxidative, anticarcinogenic, anti-inflammatory, antiviral, antibacterial, antihypertensive, and hypocholesterolemic effects.^[@ref23]−[@ref26]^ Mounting evidence indicated that the primary green tea catechin EGCG alone was amazingly against body fat accumulation^[@ref27]−[@ref30]^ and progress of fatty liver in mice fed with a high-fat diet^[@ref29]−[@ref31]^ or a methionine--choline-deficient (MCD) diet.^[@ref32]^ Additionally, there were many different ways and doses to treated mice with EGCG for NASH therapy, such as 0.1% in water;^[@ref33]^ 3.2 g/kg in the diet;^[@ref34]^ 10, 20, and 40 mg/kg/d i.p.;^[@ref35]^ 50 mg/kg 0.1 mL/day by gavage;^[@ref36]^ and so on. Therefore, we hypothesized EGCG to exert a protective effect on NASH through reshaping gut microbiota to alter the metabolic status.

In our current study, we reported that two primary administration ways of EGCG (gavage and intraperitoneal injection) notably moderated NASH driven by the MCD diet in mice. EGCG shifted the gut microbiota; reduced the liver injury, lipid accumulation, and iron overload; and thus protected against liver steatosis. This study gives us a new insight of EGCG protection against NAFLD.

Results {#sec2}
=======

EGCG Reduced Body Weight Loss and the Ratio of Liver Weight to Body Weight and Regulated Serum Blood Glucose in MCD-Fed Mice {#sec2.1}
----------------------------------------------------------------------------------------------------------------------------

As we expected, MCD-fed mice gained a less weight than control mice (*p* \< 0.001). However, EGCG did not successfully prevent MCD mice from losing more weight ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), which was accompanied by the significantly decreased ratio of liver weight to body weight only in MEG mice (*p* \< 0.05) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). Meanwhile, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C, the serum blood glucose level in MCD-fed mice was dramatically lower than that in the control group within 30--60 min after i.p. injection of 2 g/kg glucose (intraperitoneal glucose tolerance test, IPGTT) (*p* \< 0.05, *p* \< 0.001). After 2 weeks of EGCG treatment, compared with the control group, the serum blood glucose level in MCD-fed mice was significantly decreased within 30--60 min after i.p. injection of glucose (IPGTT) (*p* \< 0.05), and the serum blood glucose level of MEI and MEG mice is slightly higher than that of MCD mice but has no significance with MCD mice ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}D). MGI and MEG showed no significant difference.

![Effects of EGCG on MCD-induced body loss, liver weight/body weight ratio, and IPGTT change. (A) Body weights were measured weekly for C57BL/6J mice on the MCS diet or the MCD diet with or without EGCG (50 mg/kg body weight) supplementation for 4 weeks. Control group: MCS diet for 4 weeks; MCD group: MCD diet for 4 weeks; MEI group: 2 week MCD diet +2 week EGCG i.p. (50 mg/kg); MEG group: 2 week MCD diet + gavage with 50 mg/kg of EGCG for 2 weeks (*n* = 7--11). (B) Four groups of mice were euthanized; then, the liver was collected and weighed, and the liver weight/body weight ratio was calculated (*n* = 6--10). (C,D) Each mouse was injected i.p. with 2 g/kg body weight of glucose and subjected to evaluation of serum blood glucose before (C) and after EGCG supplementation (D) (*n* = 6--11). All the above results were analyzed using GraphPad Prism Version 6. The values were shown as the mean ± SD values of each group (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, \**P* \< 0.05 vs the control group).](ao0c01689_0002){#fig1}

EGCG Alleviated Hepatic Injury, Lipid Accumulation, Fibrosis Progression, Iron-Ion Loading, and Plasma Parameters in MCD-Fed Mice {#sec2.2}
---------------------------------------------------------------------------------------------------------------------------------

We found that the liver sections from the MCD group showed extensive macrovesicular fat accumulation, which is related to inflammatory infiltration ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). However, two EGCG intervention groups showed lower microvesicular steatosis and inflammatory foci in the liver ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). Oil red O (ORO) staining was used to assess neutral lipid accumulations in liver tissues. Visualization and quantification of neutral lipids by ORO analysis found that there are more lipids loaded in the MCD group, and after treatment with EGCG, MEI and MEG showed reverse effects ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). According to [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C, the control group showed a normal lobular structure with veins and radial hepatic cords in the liver. MCD mice displayed character of fibrosis including periportal and interstitial collagen deposition, which showed blue after Masson's trichrome staining. The MEI and MEG groups showed notable improvements in liver fibrosis, as proven by a surprising decrease in the collagen-stained area in the liver sections. Next, we evaluated iron accumulation by Prussian blue staining. The MCD group showed obvious iron accumulation compared to the control group (*p* \< 0.001), and two EGCG administration groups (the MEI and MEG groups) showed markedly lower iron accumulation than the MCD group (*p* \< 0.01) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D).

![EGCG alleviated hepatic injury, lipid accumulation, fibrosis progression, iron-ion loading, and plasma parameters in MCD-fed mice. (A) Histological sections of the liver from the four groups stained with HE and quantification of the microvesicular steatosis area (at the bottom). (B) Visualization and quantification of neutral lipids by ORO analysis of the frozen liver section (red-droplet). (C) Visualization and quantification of fibrosis severity by Masson's trichrome staining (blue-collagen fibers). (D) Prussian blue staining analysis of iron-ion loading from liver sections (light green-iron ion). (E,F) ALT and AST contents in plasma. (G--J) Relative TG, TC, HDL, and LDL concentrations in plasma. All the above stained results were analyzed and quantified using Image-Pro Plus software and GraphPad Prism Version 6. The values were shown as the mean ± SD values of each group (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). *n* = 4--8. Scare bar: 50 μm.](ao0c01689_0003){#fig2}

It has been demonstrated that plasma parameters were also key indicators to the pathological development of NASH, which were potentially evident in the MCD-induced NASH mouse model in our study. Compared with the control group, the MCD group displayed significantly increased plasma levels of alanine aminotransferase (ALT) (*p* \< 0.05). After 2 weeks of intervention of EGCG, increasing ALT levels were reduced in the MEI and MEG groups ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}E). Moreover, aspartate aminotransferase (AST) has no significant change in the four groups ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}F). Interestingly, the increased triglyceride (TG) levels and the decreased total cholesterol (TC) levels in MCD mice (*p* \< 0.05) have no significant change after supplementation of EGCG ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}G,H), accompanied by the markedly decreased plasma high-density lipoprotein-cholesterol (HDL-C) and low-density lipoprotein-cholesterol (LDL-C) levels in MCD mice ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}I,J).

EGCG Shifting the Microbiome Dysbiosis Induced by the MCD Diet {#sec2.3}
--------------------------------------------------------------

Next, we determined the gut microbiota composition by 16S ribosomal RNA (rRNA) sequencing. A total of 976,951 raw reads in all samples were generated by high-throughput Illumina sequencing. In addition, 624,087 clean tags were subjected to the subsequent analysis, and validated reads were assembled into operation classification units (OTUs) based on the similarity level at 97%. No significant difference was displayed in the community richness (Ace and Chao) among all groups, while the community diversity (Simpson and Shannon) was significantly decreased after EGCG treatment ([Figure S1A--D](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). Unsupervised multivariate statistical methods such as principal-coordinate analysis (PCoA) were used to assess structural alterations of gut microbiota. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A, the MCD group showed an obvious aggregation with the control. The MEI group had developed a new intestinal microbiota balance which was different from neither the MCD group nor the control group.

![EGCG shifting the microbiome dysbiosis driven by MCD-induced NASH. (A) Beta diversity of MCD-induced microbiota dysbiosis and effects of EGCG analyzed by PCoA. PCoA was performed by using the Bray--Curtis analysis method to calculate the distance between the four groups in faecal samples. The percentages shown on each axis explain the proportion of each dimension. (B,C) Relative abundance of bacterial phyla (B) and genus (C) levels in the control, MCD, MEI, and MEG mice. The percentages on the left half circle represent the ratio of phylum or genus in a certain experimental group. The percentages on the right half circle represent the ratio of different groups in a certain bacteria phylum or genus. The sizes of circles represent the relative abundance of the taxa. *n* = 3--4.](ao0c01689_0004){#fig3}

Analysis at the phylum level showed that the relative abundance of *Bacteroidetes* in the MCD group was notably decreased, while EGCG intervention could partly restore these changes, which enriched EGCG-induced *Bacteroidetes* and decreased the *Firmicutes* (*p* \< 0.05) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C, the relative abundance of *Bacteroides* and *Alloprevotella* belonging to the *Bacteroidetes* phylum was partly decreased in MCD-fed mice. However, the relative abundance of *norank_f\_\_Bacteroidales_S24_7\_group*, *Alloprevotella* belonging to *Bacteroidetes,* and *Bifidobacteria* and *Lactobucillus* belonging to *Firmicutes* was increased after EGCG supplementation, especially in the MEI group. *Oxalobacter*, *norank_f\_\_Flavobacteriaceae*, *Oscillibacter*, *Coprococcus_1,* and *Desulfovibrio* were also significantly increased in NASH mice (*p* \< 0.05). Importantly, *Alistipes*, *Anaerotruncu*, and *Desulfovibrio*, associated with obesity and the related metabolic disorder, were lower after EGCG administration in NASH mice ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A, see also [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). The results outlined above indicated that EGCG could shift the gut microbiota dysbiosis driven by MCD-induced NASH.

![EGCG altered the microbiome dysbiosis driven by MCD-induced NASH interacting with the index of hepatic injury. (A) LEfSe analysis was used to distinguish the differential microbiome between two groups. The criterion for LEfSe was set as LDA \> 2 with *p* \< 0.05. LDA was representing the taxon enriched in the control (red), MCD (blue), MEI (green), and MEG (purple). The left side represents the name of the bacteria and the classification level to which they belong to. p-phylum, c-class, o-order, f-family, and g-genus. (B) Spearman-correlation heatmap analysis was performed at the representative top 20 microbial genuses and plasma TC, TG, ALT, liver fibrosis area, HE score, neutral droplet area, and iron loading score. There are significant associations with *p* \< 0.05 and *r* \> 0.5 or *r* \< 0.5. *n* = 3--4.](ao0c01689_0005){#fig4}

To further illustrate the effects of the altered microbial community, we were subjected to analyze the correlation of altered genus and hepatic injury indexes. Details are as follows: 20 top microbial genera with significantly altered relative abundance between the MCD group and the EGCG-treated group (MEI and MEG), which have a correlation with the representative injury parameters. As shown in the Spearman correlation heatmap, *norank_f\_\_Ruminococcaceae* displayed a significant positive correlation with both TC and TG (*p* \< 0.05). *Parasutterella* and *Ruminiclostridium_9* were distinctively positively correlated with the ALT and HE scores (*p* \< 0.05), respectively. The fibrosis score was positively correlated with *Bifidobacterium* and negatively correlated with *Alloprevotella* (*p* \< 0.05). The neutral lipid area was significantly positively correlated with *Odoribacter*, *Butyricimonas*, and *Ruminiclostridium 9* and negatively correlated with *Bacteroides* and *Alloprevotella* (*p* \< 0.05). Unclassified_f\_\_*Ruminococcaceae* was significantly negatively correlated with iron loading (p \< 0.05) ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B, see also [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)).

Predictive Functional Analysis of EGCG Supplementation to MCD-Fed Mice {#sec2.4}
----------------------------------------------------------------------

The functional enzymes and pathways of the gut flora after EGCG treatment were predicted by PICRUSt. There were 1468 enzymes based on OTU predicted by Picrust software ([Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). In addition, 371 enzymes were changed significantly before and after EGCG treatment ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). Here, we just showed the top 15 abundant enzymes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Among these highly abundant enzymes, hexosaminidase is involved in glycan metabolism, arabidopsis histidine kinase 2/3/4 (a cytokinin receptor) belongs to the Quorum sensing pathway, β-galactosidase and glucokinase are related to insulin secretion and sphingolipid metabolism, respectively, and long-chain-fatty-acid-CoA ligase ACSBG plays a critical role in fatty acid metabolism and the ferroptosis pathway ([Table S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)).

![Differential metabolic enzymes predicted by PICRUSt between untreated and EGCG-treated mice. (A) Differential metabolic enzymes predicted by PICRUSt between untreated and the 50 mg/kg EGCG-treated mice. (B) Spearman-correlation heatmap analysis was performed at the representative top 20 microbial genuses and top 50 metabolic enzymes. After variance inflation factor (VIF) screening (VIF \< 10), hexosaminidase, arabidopsis_histidine_kinase_2\_3_4\_\_cytokinin_receptor, fumarate_reductase_iron_sulfur_protein, aldehyde_dehydrogenase\_\_NAD\_\_, and long-chain-fatty-acid-CoA_ligase_ACSBG were shown. VIF analysis is a commonly used environmental factor screening method, which excludes the interaction between environmental factors themselves. There are significant associations with *P* \< 0.05 and *r* \> 0.5 or *r* \< −0.5. *n* = 3--4.](ao0c01689_0006){#fig5}

Then, we analyzed the interaction between the representative microbial genera and metabolic enzymes ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, see also [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). These enzymes were screened after VIP screening ([Table S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf)). The results indicated that long-chain-fatty-acid-CoA ligase ACSBG had a significant negative correlation with the *Bacteroides* genus (*p* \< 0.05); hexosaminidase was significantly positively correlated with *norank_f\_Bacteroidales_S24-7_group* (*p* \< 0.05); fumarate reductase iron--sulfur protein was significantly positively correlated with *norank_f\_Bacteroidales_S24-7_group* and *Bifidobacteria* and *Parasutterlla* (*p* \< 0.05); fumarate reductase iron--sulfur protein and aldehyde dehydrogenase (NAD^+^) were both significantly negatively correlated with *Alloprevotella* and *Bacteroides* (*p* \< 0.05); arabidopsis histidine kinase 2/3/4 (a cytokinin receptor) showed a significant negative correlation with *norank_f\_Lachnospiraceae*, unclassified_f\_*Lachnospiraceae*, *Ruminiclostridium_9,* and *Lachnospiraceae\_NK4A136_group* and a positive correlation with *norank_f\_Bacteroidales_S24-7_group* (*p* \< 0.05).

Discussion {#sec3}
==========

Emerging evidence suggests the vital role of gut microbiota involved in the development and progression of NAFLD because of microbiota dysbiosis, metabolism disorders, and inflammatory.^[@ref41]^ In addition, several studies have indicated that EGCG, which is an active ingredient from green tea with various biological activities,^[@ref25]^ could exert a beneficial function in NAFLD animal models, but the underlying mechanisms are still undeciphered. Our present data suggest that EGCG showed beneficial effects on MCD-induced NASH, such as serum blood glucose, liver injury, lipid accumulation, iron overload, and microbiota dysbiosis. In addition, oral or i.p. EGCG administration showed a similar therapeutic effect. EGCG could alter the gut microbiota structure and influence the metabolism. Thus, EGCG-moderated NASH mice were described for the new insight through shifting the structure of the gut microbiota and metabolism to alleviate hepatic injury, lipid accumulation, and other pathological features.

Feeding animals with MCD usually causes a body weight loss and metabolism disorders such as NAFLD. Many papers showed that MCD feeding led to a body weight loss while increasing the ratio of liver weight to body weight and finally triggered hepatic steatosis and inflammation. Our data suggested the salutary effect of EGCG on NASH by the reduction in inflammation, macrovesicular fat accumulation, severity of fibrosis, and lowering iron-ion loading as previously reported in the literature.^[@ref41],[@ref42]^ Moreover, plasma indexes showed the same trend as histological evaluation. Because of the anatomical position of the liver and gut combining research evidence, "gut--liver axis" was gradually accepted.^[@ref43]^ This proposed theory may help to explain the development of NASH. Gut microbiota dysbiosis leads to bacteria overproliferation and then weakens the intestinal barrier, which may trigger enormous bacteria and products derived from bacteria flow into the blood. Furthermore, bacteria-derived products such as metabolic enzymes could result in altering hepatocyte metabolism, subsequently inducing inflammation and injury, which may involve in NAFLD progression.^[@ref44],[@ref45]^ Collectively, EGCG against NAFLD may aim at the gut--liver axis.

In the previous study, EGCG supplementation altered the composition of gut microbiota. Decreasing *Bacteroidetes* and *Firmicutes* enrichment was observed both in humans and in animal models with NAFLD.^[@ref45],[@ref46]^ Additionally, regulating intestinal microbiota via added probiotic bacteria can moderate distinctively NAFLD. For example, *Lactobacillus mali* showed beneficial effects on the gut microbiota, characterized by driving growth of *Bacteroidetes*, *Verrucomicrobia*, and *Actinobacteria* while inhibiting *Firmicutes*, lowering serum lipids, and resisting hepatic steatosis.^[@ref47]−[@ref51]^ Our data revealed that *Bacteroidetes* and *Firmicutes* in MCD mice were enriched and inhibited by EGCG, respectively. Similarly, *Lactobacillus* and *Bifidobacteria*, belonging to the *Firmicutes* phylum that is also related to nutrition and metabolism,^[@ref47]^ were also increased in the EGCG-treated mice. This indicated that EGCG may exert "probiotic-like effects" on NAFLD.^[@ref51]^ Also, other studies suggested that there were some bacteria, such as *Desulfovibrio*, *Alistipes,* and *Anaerotruncu,* which were associated with obesity as well as the related metabolic disorders including NAFLD,^[@ref52],[@ref53]^ and interestingly, both of these bacteria genuses were lowered after EGCG was added in NAFLD mice. In addition, *Alloprevotella* belonging to the *Bacteroidetes* phylum has shown anti-inflammatory effects. EGCG addition notably made the *Alloprevotella* genus up in the NASH model. Taken together, EGCG harbored power to lower the body weight via shifting gut microbiota.

To explore whether microbiota dysbiosis influences NASH progression, we further analyzed the correlation between changed genera and ALT, TG, TC, and other pathological features. Correlation analysis is as follows: the representative microbial genera with dramatically changed relative abundance between the MCD group and the EGCG supplementation group (MEI and MEG), which have a correlation with the representative injury parameters. As shown in the Spearman correlation heatmap, *Bacteroides* and *Alloprevotella* belonging to *Bacteroidetes*, which clearly decreased in the MCD group, were significantly negatively correlated with the neutral lipid area. The results suggested that genera of the microbiome structure were involved in the progress of NASH through influencing the pathological features.

Next, functional enzymes of the gut microbiome were predicted by PICRUSt based on OTU. In our study, we found that 1468 enzymes were involved in various metabolic pathways, and 371 enzymes showed distinct changes between the untreated and the EGCG-treated mice. Among these enzymes, long-chain-fatty-acid-CoA ligase ACSBG may play a critical role in fatty acid metabolism and the ferroptosis pathway, suggesting that genera secrete certain enzymes to change metabolism to influence NASH progression. We found that long-chain-fatty-acid-CoA ligase ACSBG has a significant negative correlation with the *Bacteroides* genus. Yao and Craven Seaton et al. identified a group of bacteroides from the intestinal flora, with selective bile brine hydrolysis enzyme activity to help bile acid metabolism.^[@ref54]^ Quan et al. found that myristoleic acid derived from enterococci improved obesity by activating the brown adipose tissue.^[@ref55]^ These studies might have entitled us to aim at certain enzymes to ameliorate the metabolic diseases. Overall, these findings suggested that EGCG can shift gut microbiota and regulate metabolism in MCD-induced NASH mice, thus ameliorating the hepatic injury, lipid accumulation, fibrosis, and iron loading and thus terminating the inflammatory response. Finally, NASH was prevented.

Although our research tried to provide a valuable insight into the potential influence of EGCG in NASH by regulating gut flora, there still exist several limitations to be addressed in future studies. First, in our results, the microbiota alteration before and after EGCG treatment was just at the genus level and not strain because of the limitations of the sequencing technology we used. Second, although we analyzed the interaction between the representative microbial genera and metabolic enzymes, it was just a prediction and needed further study to confirm that.

Conclusions {#sec4}
===========

Our findings demonstrated that EGCG exerted protective effects against MCD-diet-induced NASH development. Its work may be through shifting gut microbiota and producing certain enzymes from genera to influence host metabolism. Additionally, oral or i.p. EGCG administration showed similar therapeutic effects. Thus EGCG intervention is a promising strategy for NASH therapy.

Materials and Methods {#sec5}
=====================

Animals and Treatments {#sec5.1}
----------------------

Male C57BL/6J mice (8-week-old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. After their arrival, the mice were housed in a laminar flow, specific pathogen-free facility and acclimatized for 1 week with free access to a standard chow diet and water in the Laboratory Animal Center, Xi'an Jiaotong University. The animal experiments were approved by the Institutional Animal Ethics Committee of the Xi'an Jiaotong University Health Science Center (no. XJ2018-522). Next, mice were randomly divided into four groups (*n* = 12/group) and fed with a certain diet for 4 weeks. The control group (control) was given the methionine--choline-sufficient (MCS) diet (Research Diet, New Brunswick, NJ, United States). The MCD group (MCD) was given the MCD diet (Research Diet, New Brunswick, NJ, United States). The MEI group (MEI) was treated with the MCD diet and injected i.p. with EGCG for the last 2 weeks (50 mg/kg, *n* = 12). The mice of the MEG group (MEG) were given the MCD diet and gavaged with 50 mg/kg of EGCG for the last 2 weeks (50 mg/kg, *n* = 12). At the end of 4th week, the mice were euthanized by i.p. injection of 4% chloralhydrate (with 1 mg/100 mL atropine) for tissue collection. The body weight was measured once a week, and IPGTT was performed every 2 weeks.

Sample Collection {#sec5.2}
-----------------

At the end of week 4, feces samples from all mice were collected and stored at −80 °C for subsequent analysis. Blood samples were collected immediately after anesthesia in mice using ethylenediaminetetraacetic acid-containing tubes and centrifuged at 3000 rpm for 10 min and then kept at −80 °C. Liver tissues were either fixed in 4% neutral-buffered formaldehyde and embedded in paraffin or snap-frozen in liquid nitrogen and stored at −80 °C.

Histological Evaluation of Liver Tissues and Triglycerides and Iron Content {#sec5.3}
---------------------------------------------------------------------------

Paraffin-embedded liver sections were stained with hematoxylin--eosin (HE), ORO stain, Masson's trichrome, and Prussian blue to assess liver injury, lipid accumulation, fibrosis, and iron accumulation. The HE score, fibrosis, lipid areas, and iron load were analyzed and quantified using Image-Pro Plus software (version 6.0, Media Cybernetics, Rockville, MD, United States). The macrovesicular (hepatic steatosis) regions, blue regions (collagen), red regions (neutral lipid droplet), and iron overloaded areas were normalized and quantified.

Plasma Parameter Analysis {#sec5.4}
-------------------------

ALT was measured enzymatically according to the manufacturer's protocol (NanJing JianCheng Bioengineering Institute, China). AST, TG, TC, HDL-C, and LDL-C of plasma were measured using a Beckmann Kurt AU5800 automatic biochemical analyzer.

Microbial Community Analysis in Fecal Samples {#sec5.5}
---------------------------------------------

DNA extraction from frozen fecal samples (180 mg) was subjected to use an E.Z.N.A Stool DNA kit (Omega, USA) according to the company's protocols. 16S rRNA sequencing was performed using an Illumina MiSeq platform (Illumina, San Diego, U.S.A.). Raw fastq files were quality-filtered by Trimmomatic and FLASH. UPARSE was used to cluster the OTU, with 97% similarity truncation^[@ref37],[@ref38]^ (version 7.1 <http://drive5.com/uparse/>). The community richness (Ace and Chao) and diversity (Shannon and Simpson) were calculated by subsampled data. The taxonomic groups (classes) and genera (subclasses) of bacteria represented by the differences between groups were identified by linear discriminant analysis (LDA) combined with an effector. The LEfSe criterion was set as LDA \> 2 with *p* \< 0.05.^[@ref39]^ The PICRUSt method was used to infer the metagenomic of intestinal microorganisms from the 16SrRNA sequence.^[@ref40]^ The estimation accuracy of predicting the gene family abundance based on phylogenetic information is 0.8. The predicted functional composition profiles were collapsed into KEGG (Kyoto Encyclopedia of Genes and Genomes) database pathways. Pathways present in \<10% of the samples were not involved in the following comparison analysis.

Statistical Analysis {#sec5.6}
--------------------

Statistical analysis of the results of the four groups was performed using one-way ANOVA, and Tukey's post hoc test was used to determine the significance.

Data analysis was performed using GraphPad Prism Version 6. Analysis of the sequencing data was carried out using the R software package (V.3.2.1) and the free online Majorbio-Sanger cloud platform ([www.i-sanger.com](www.i-sanger.com)).Spearman's correlation was performed for the correlation heatmap. The Mann--Whitney *U* test was used for continuous variables, and the Wilcoxon rank sum test was used for non-normal distribution data.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01689](https://pubs.acs.org/doi/10.1021/acsomega.0c01689?goto=supporting-info).Community richness (Ace and Chao) and diversity (Shannon and Simpson) of all sequencing samples; correlation between representative 50 microbial genera and index of hepatic injury; and correlation between representative 50 microbial genera and top 15 metabolic enzymes ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_001.pdf))EGCG shifting microbiota dysbiosis driven by MCD-induced NASH in four groups; functional enzymes of the gut microbiome after EGCG treatment; 371 enzymes showed distinct changes between untreated and the 50 mg/kg EGCG-treated mice; metabolic pathways in which the functional enzymes are located; and VIP screening for the metabolic enzyme ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01689/suppl_file/ao0c01689_si_002.xlsx))
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EGCG

:   epigallocatechin gallate

NASH

:   nonalcoholic steatohepatitis

NAFLD

:   nonalcoholic fatty liver disease

NAFL

:   nonalcoholic fatty liver

MCS (control diet)

:   methionine--choline-sufficient diet

MCD

:   methionine--choline-deficient diet

LPS

:   lipopolysaccharide

SCFAs

:   short-chain fatty acids

IPGTT

:   intraperitoneal glucose tolerance test

MEI

:   MCD diet + intraperitoneal EGCG (50 mg/kg)

MEG

:   MCD diet + gavage EGCG (50 mg/kg)

ORO

:   Oil red O stain

Masson

:   Masson's trichrome

HE

:   hematoxylin--eosin

ALT

:   alanine aminotransferase

AST

:   aspartate aminotransferase

TC

:   total cholesterol

TG

:   triglyceride

HDL-C (HDL)

:   high-density lipoprotein-cholesterol

LDL-C (LDL)

:   low-density lipoprotein-cholesterol

OTUs

:   operational taxonomic units

PCoA

:   principal coordinate analysis

NMDS

:   nonmetric multidimensional scaling

LEfSe

:   linear discriminant analysis (LDA) effect size

ANOVA

:   analysis of variance
